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Introduction
In applications such as tissue engineering, drug delivery and implantable devices, materials that meet a combination of specific medical requirements are desired. These requirements include features such as biocompatibility and biodegradability as well as tunability of critical functional properties, such as mechanical strength, resilience and toughness [1] [2] [3] [4] . Advanced healthcare is just one example of the challenges of the 21st century that rely on advanced functional materials [5] . Biopolymers show highly diverse characteristics with respect to their shape (e.g., gels to fibers and particles) and their properties (e.g. diverse mechanical properties such as strength, elasticity, toughness or robustness), and often require transformative solutions for the design of new materials. Fig. 1 shows different shapes that can be fabricated from the biopolymers collagen, elastin and silk, and their potential applications.
The combination of characteristics of biopolymers is often based on the distinct hierarchical levels in their structure, which leads to an increased diversification and enhancement of material properties [6] [7] [8] [9] . Based on relatively simple building blocks, a highly controllable assembly strategy is the foundation of this structural complexity. It is of interest to tailor functional materials to match relevant requirements. The design of biological or bioinspired materials for specific applications can be achieved by tuning multiple design-variables in polymer synthesis and processing that pertain to the functional outcomes required [7] [8] [9] . Thereby, factors such as chemistry, molecular weight, processing conditions, and final post curing must be addressed to identify building blocks and recurring patterns in hierarchical structures and their subsequent links to properties. The parameter complexity is a significant factor in the serial design process that has usually been applied with little data transparency [5] . An urgent challenge to a concurrent or synergistic design is the incongruity of the different perspectives on materials (e.g. from a chemical point of view, processing, modeling, or in vivo performance). The serial design process, where a polymer is prepared, characterized, processed, and then evaluated for function, is inefficient and often results in materials lacking key functional features. Furthermore, outcomes considered as failures in this mode of discovery may be useful materials with alternative properties or instructive in new design approaches. In this context, a polymer design process, which integrates synthesis and processing, coupled to mechanistically driven bottom-up computational simulation may greatly accelerate the design process and rescue the failures to explore their full potential. However, to date, such an integrated strategy has rarely been employed in materials design, in spite of the fact that it seems to be an important and almost logical evolution of the field. An immediate consequence of such an approach would be a more rationally directed design based on model predictions. The ability to control structural features on multiple hierarchical levels via integrating computational modeling and processing at early stages of the material design could contribute toward more cost-and time-efficient design processes.
Here we review the state of the art for the design of biopolymers, and point out material design approaches based on the combination of experimental and computational studies. We believe that the exploration of the versatile parameter effects in biopolymer synthesis and processing gives the chance to build mechanistic models and to explore the design space of new materials. Thereby, we purposely omit studies that are solely focused on the structure analysis of natural biomaterials and their characterization. This review begins with an introduction to common synthesis, processing and modeling methods for biopolymers that highlights which parameters can be controlled or studied with these methods. Thereafter, we discuss the structure-property and process-property relationships of collagen, elastin and silk inspired biopolymers and investigate the approaches used to find these results. Finally, we examine the combination of experimental and computational works in the field of biopolymer design and outline challenges and opportunities.
Experimental, computational and theoretical methods for exploring the structure-process-property relationships
We highlight three fields related to the design process of biopolymers, which we identified to be a useful guide for the discussion: i) The field of polymer synthesis, which is chemically driven and dictates the polymer sequence chemistry that in turn has a major influence on the material structure at multiple scales. ii) The field of polymer processing and how its control of environmental conditions influences biopolymer assembly, from secondary structure to the macroscale. iii) The field of computational modeling that guides the biopolymer design process and is able to simulate structure and assembly at different length scales. We do not consider further material characterization steps for function which include in vivo or in situ studies and do not discuss materials development steps that are aimed toward scaling up and commercializing the production processes.
In Fig. 2 we show the design approaches of synthesis, processing and computational modeling together with relevant methods and associate them with the length scale they typically address. The synthesis of polymers is chemically driven and accesses the length scale of nanometers, while different processing methods control higher level structures and influence the final form (e.g. fibers, particles, films, gels) at the length scale of millimeters and higher. The secondary structure of peptides is influenced by both sequence and processing conditions and can therefore be tuned by synthesis and processing. Fig. 2 also illustrates how the synthesis and processing remain limited in the biopolymer design process when each is applied alone. Besides these experimental approaches we identify computational modeling as a third approach to handle biopolymer design. A brief introduction to the methods of biopolymer synthesis, processing and computational modeling is presented in the following sections, supported by Tables 1-3.
Synthesis
Simple molecular concepts from biology are a source of inspiration for polymer chemists. These concepts can be exploited by integrating bio-inspired polymer conjugates to exhibit interesting structural and functional properties beyond those of their individual components. Here, we discuss the different synthesis methods for the generation of functional chemicalbiological hybrid systems that exploit the advantages of each system. Polymer synthesis is considered to be a relatively mature discipline, yet there still remains a wide gap for chemically (as opposed to genetically) engineered systems to mimic material performance of natural systems. Advancements in the field of conventional polymer science have led to the synthesis of nearly monodisperse materials with defined molecular weights, and reasonable control over architecture. However, the design of highly functional polymers unavoidably requires a high design complexity together with a detailed control of their synthesis. Biological systems with their limited repertoire of 'monomers' could benefit from chemical modifications to expand the functionality of natural building blocks.
Current chemical methods to synthesize polymers use both amino acids and other chemicals as monomers. These monomers can be synthesized as copolymers. In particular, the repetitive nature of block copolymers is well suited for structural assembly. There are diverse strategies for the preparation of hybrid block copolymers [10] . Some traditional methods include controlled radical polymerization, ring-opening polymerization (ROP), polymerization of macromonomers, and convergent synthesis of peptide-polymer hybrids. The most frequently used synthetic methodology to prepare homopolypetide blocks is ROP of -amino acid-N-carboxyanhydride ( -NCA). For example, ROP of -NCA initiated by a primary amino end-functionalized polymer was used to synthesize a series of polybutadieneb-poly( -benzyl-L-glutamate) and polybutadiene-b-poly(N-hydroxypropyl-L-gluta-mine) diblock copolymers [11] [12] [13] . This technique allows gram scale synthesis, but has some major limitations. These limitations include the dependence on purity of reagents, abrupt chain termination, precipitation of growing polypeptides with increased molecular weight and unwanted secondary structures leading to branching of polypeptides, and a high polydispersity index. Polymerization is however considered to be living in nature depending on temperature, i.e., reactions other than nucleophilic ring opening chain growth are absent. Different approaches to synthesizing various polymers are briefly described in Table 1 .
In order to impart structural control characteristic of biopolymers to synthetic polymers, let us first consider the factors that control structure in biopolymers. In the case of proteinbased biopolymers, the primary sequence and linkages between the monomers are responsible for the formation of well-defined secondary structures ( -helices and -sheets) by folding that later self-assemble into supramolecular structures [14] . Hence, precise control over defined properties can be achieved at different length scales by programming primary sequences of the polymers to obtain predictable hierarchical structures. Recently, conjugation of peptides to synthetic polymers has enabled new materials that expand on the properties of single component systems. For instance, peptide/biopolymer conjugates can enhance control over the nano-structure formation of the synthetic component. The biopolymer segment can reduce the toxicity and immunogenicity of materials, whereas the synthetic segment prevents enzymatic degradation or loss of function due to steric hindrance and unfolding of the conjugate systems.
Current methods to produce genetically engineered biopolymers include recombinant DNA technology that has been a major focus for preparing protein-based polymers, including silklike block copolymers [15] [16] [17] , elastin-like [18] [19] [20] [21] and silk-elastin-like copolymers [22] [23] [24] . The major advantages of this approach include sequence-controlled programming of biopolymers with precise molecular weight using genetic templates and production of reasonable amounts of protein via bacterial expression systems that do not require harsh organic solvents for synthesis. Moreover, purification of genetically engineered proteins is performed under aqueous conditions and ambient temperature and pressure. Through careful design of genetic constructs and the use of appropriate expression systems, successful recombinant proteins have been used commercially after FDA approval, including vaccines for papillomavirus and hepatitis B, and drugs such as anti-thrombin, insulin and erythropoietin.
However, there are some disadvantages to this approach, such as the time involved in assembly of genetic constructs and inability to easily prepare biopolymers with D-amino acids, unnatural amino acids or with selective chemical modifications, most of which cannot be encoded efficiently by bacterial systems. The incorporation of unnatural amino acids has become feasible through modification of host strains or chemical ligation techniques. These techniques allow the use of unnatural amino acids to generate polymers that are otherwise difficult to prepare [25] . Native chemical ligation is an alternative and elegant strategy that allows selective coupling of peptide fragments under natural conditions to form native peptide linkages. By this approach, a peptide with a C-terminal thioester is temporarily ligated to an N-terminal cysteine residue of a second peptide through a trans-thioesterification reaction and can be routinely used for the preparation of polypeptides over 100 amino acid residues in length.
Recently, an approach of expanding the array of unnatural amino acids was achieved by chemically acylated transfer RNA (tRNA) or engineered t-RNAs and synthetases. Methods were developed to expand the genetic code at the nucleic acid level, including 4-base codons (sequence of adjacent nucleotides in the genetic code, determining the insertion of a specific amino acid in a polypeptide chain) and unnatural base-pairs [26] . Over thirty unnatural amino acids have been genetically encoded in response to unique triplet and quadruplet codons, including fluorescent, photoreactive and redox active amino acids, glycosylated amino acids, and amino acids with keto, azido, acetylenic and heavy-atom containing side chains. This approach provides new options for genetic engineering to overcome obstacles in the incorporation of unnatural amino acids.
Processing
In addition to the diversity of biopolymer synthesis techniques, a wide variety of versatile processing techniques can be utilized to prepare substrates ranging from fibers to particles for varying applications (see Table 2 ). Due to the large number of polymer processing methods, we will focus on those that have been utilized to increase the control of resulting material structure or properties. These processing techniques range from electrospinning to microfluidics.
One common biopolymer fabrication technique is electrospinning, a process that utilizes a large electric field between a polymer solution and a collection plate to induce a stable jet to be ejected from the solution reservoir and travel toward the plate [27] . The result of this process is a non-woven fiber mat that is either randomly oriented or aligned depending on the collection method used. Variables in electrospinning include solution conditions (pH, concentration, solvent), device conditions (the distance between the tip and plate, strength of the electric field, nozzle dimensions) and collection methods (plate vs. rotating mandrel, speed of collection), which affect fiber diameter, fiber mechanical properties, and organization or alignment of the fiber mat [27] . A direct benefit of electrospinning is that the biopolymer material can be efficiently used, thus applicable to small amounts of polymers for exploratory studies. Fibers with diameters ranging from a few nanometers to microns can be fabricated for applications ranging from nanowires to fiber optics [28] . Additionally, electrospinning of natural polymers such as elastin, collagen and silk is useful for scaffold designs for tissue engineering [28, 29] .
Wet-spinning is another popular processing technique for biopolymer fibers. This technique is similar to an extrusion process where a polymer solution is forced through a nozzle of controlled dimensions into a solution bath to fabricate fibers. Fibers can be collected in a variety of ways to make 3D constructs, such as meshes, tubes and related materials. Variables in wet-spinning include polymer solution conditions (concentration, pH, solvent), nozzle dimensions, reservoir solution composition and additional post-spin treatment such as drawing. These variables affect the diameter of the fibers as well as the mechanical and surface properties [30, 31] .
Microfluidic processing techniques are very versatile and can be used to make fibers [32] [33] [34] , gels [35] or particles [36] from biopolymers. Microfluidic fiber fabrication techniques utilize flow conditions and gradient environments [33] to control polymer assembly inside a microfluidic channel. Variables include solutions used, device geometry and dimensions, flow rates, and post-spin processing. Manipulation of these variables allows for control over parameters such as fiber diameter and mechanical properties [32] . Microfluidics has been used in the processing of biopolymer gels to constrict assembly and further advance polymer organization within the gel [35] . Microfluidic approaches to particle fabrication often utilize flow focusing of multiple solutions or phases. For example, drug encapsulation in monodisperse particles can be easily achieved via microfluidics and has significantly advanced the area of drug delivery research [36] .
Biopolymer films can be fabricated via solvent casting [37] where a solution is cast onto a mold and allowed to dry, forming a film. Variables in solvent casting include the solvent used, the concentration of the biopolymer, the casting conditions (i.e. forced drying) and film post-treatment. These variables affect the surface and bulk properties of the material. Additionally, the mold can be flat or can have complicated patterning via lithography, creating a film with patterns such as alternating grooves and ridges or complex designs that can be used for cell orientation. These films are often used for tissue engineering. While lithography allows for complex patterns to be formed, casting does not allow for a large degree of control over material assembly, which can be important for many biopolymers [37] .
Another important biopolymer processing technique with rather widespread utility is selfassembly, which can be utilized to fabricate hydrogels, 3D matrices and particles. Hydrogels are 3D polymer networks that swell but do not dissolve in water [38] . These materials have been used as biomaterials since the mid-1900s [39] and their use ranges from contact lenses to artificial organs, extracellular matrix (ECM) mimics and controlled/sustained drug delivery. Variables in hydrogel fabrication include physical and chemical crosslinking [40] , pH, biopolymer composition (amphiphilic characteristics, ionic strength [41] ) and concentration, which all affect the properties of the material, including stiffness and swelling ratio. Amphiphilic polymers that form hydrogels at low concentrations often form micelles or other particles at higher concentrations or in certain environments. Self-assembled particles are also valuable tools in drug delivery. Variables in self-assembly of particles include the amphiphilic nature of the biopolymer, concentration, and assembly conditions including pH [42, 43] . These variables will determine if assembly will occur, control the size/shape of the resulting particles, and have implications in the drug delivery profile.
These processing techniques are as diverse as the materials they generate, and each variable or parameter presents an opportunity to control the assembly of the biopolymer and thus affect the structure and resulting properties. Controlled processing is one key step in the tailored design and fabrication of tunable materials.
Computational modeling
A recent white paper published by the U.S. National Science and Technology Council [5] states that computational methods are crucial to accelerate the materials design process. In the study of biopolymer properties a multiscale approach is beneficial, as many remarkable material properties of biological materials are evoked by a hierarchical architecture [6] . Computational models should therefore be able to incorporate all critical length and time scales. It is currently impossible to study materials like biopolymers with a single computational method on all scales simultaneously. For the observation and prediction of sequence-structure-property relationships, a bottom-up modeling approach can provide a rigorous basis for the design of functional materials. In Table 3 several key modeling techniques to study the structure and behavior of materials are shown. It is possible to describe the behavior of materials from fundamental laws of physics. Therefore, a model of a material based on the basic building blocks and their interactions can result in the description of material properties. Based on this idea, molecular dynamics (MD) considers atoms as point masses, and force fields between atoms are either derived from quantum mechanical modeling or defined empirically. In MD, the trajectory of a set of atoms is simulated following Newton's equation of motion, as opposed for example to Monte Carlo methods that find the system's equilibria according to the generation of random states. Allatom simulations are typically used to sample the energy landscape and predict the protein structure of the sequence. MD is also able to predict the folding pathway of small proteins. Ideally, in all-atom simulations the solvent is modeled explicitly; however, this approach quickly reaches its limits of accessible time and size scales. The structure of medium sized proteins is explored by either accelerated sampling methods (e.g. replica exchange molecular dynamics [44] , metadynamics [45] ) or by the reduction of the system complexity by using implicit solvent and/or simplified protein description [46] . Nevertheless, it remains a challenge to fully describe large proteins such as elastin or silk, based on the fact that nonequilibrium processes influence also the formation of secondary structures.
Only distinct parts of biopolymers are simulated by MD. Steered molecular dynamics is a non-equilibrium MD technique that is able to elucidate mechanisms of deformation behavior on the atomistic scale, for example unfolding or stick-slip failure. Such modeling techniques help to relate the secondary structure of proteins to their mechanical properties. For instance, the mechanisms related to the deformation behavior of -helices and -structures have been extensively characterized and size and rate effects were quantified [47] . The obtained data is fed into mesoscale models that represent structural features on levels of hierarchy, which are, up to now, impossible to reach by all-atomistic simulations [48, 49] . These mesoscale models bridge the gap between continuum methods and MD by enabling a continuous multiscale description of materials from the atomistic to the macroscale.
A common approach to model materials on the mesoscale is the use of coarse-graining models that merge several atoms to a single bead and use simplified force fields. Hence, the degrees of freedom are reduced. Consequently, larger system sizes can be simulated on larger time scales. While MD simulations with, for example, the widely used CHARMM force field [50] are generically applicable for most proteins, coarse-grained models are often only valid for a particular material system they have specifically been trained for. Some generalized coarse-graining frameworks exist, such as the MARTINI force field [51] , the OPEP force field [52] , the Honeycutt-Thirumalai model [53] and the Head-Gordon model [54] . The MARTINI force field, for example, only includes four types of beads -polar, nonpolar, apolar and charged -and further subtypes of these. However, for the effective simulation of systems with high molecular weight biopolymers this coarse-graining level is not sufficient. With increasing levels of coarse-graining, i.e. increasing size and time scale, chemical details are more and more simplified or neglected.
To represent processing conditions mesoscale simulation methods incorporating hydrodynamic effects are interesting for the study of biopolymers. Two main approaches are commonly used to model the solvent. Lattice methods such as the lattice-Boltzmann method have been reviewed by Dünweg and Ladd [55] and particle-based methods such as dissipative particle dynamics and multi-particle collision dynamics have been reviewed by Noguchi et al. [56] .
On larger scales, continuum methods, such as the finite element method (FEM), enable the modeling of materials such as homogenized composite structures, but face difficulties in describing the impact of hierarchical structures due to their dependence on governing partial differential equations, and often lack a mechanistic basis to the model.
Biopolymer design: case studies and examples
The variation of input variables and possible system configurations is a necessity that allows tweaking a material. Natural materials based on biopolymers and the remarkable performance that they offer provide an excellent starting point for further exploration of configurations, as the materials and their production processes have been highly optimized during evolution. Here, we categorize studies on collagen, silk, silk-elastin and elastin-like biopolymers that deal with the interaction and influence of design variables on structure and properties. We purposely omit studies solely focused on structure analysis. Therefore, we exclude the biomimetic design approach that aims at the understanding of how certain structure-property relationships are achieved in nature. The state of the art of this biomimetic material design approach has recently been reviewed elsewhere [57, 58] . Vollrath et al. [59] state that in order to employ a biomimetic design, nature has to be (fully) understood first and subsequently these insights shall become integrated in the resulting material design. Given this, they argue that for example derivatives of spider silks attained by biomimetic approaches shall incorporate the envelope of natural spider silk properties. However, the interactions between spiders and their environment are highly complex. Most likely unknown dependencies have influenced the evolutionary design, which may not be in scope for the desired technical application [60] .
Mimicking nature gives us only a single configuration in the respective parameter space (e.g., a certain set of sequence and process condition input variables leading to a specific set of output variables, such as: structure and property). For applications that require multifunctional materials with controlled properties, a fit of the material to the functionality is preferred rather than a redesign under the constraint of the intrinsic material properties. For example, some applications could take advantage of the biocompatibility and strength of spider silk, but its high extensibility could be a limitation. Moreover, the building blocks in silk, only a few distinct amino acids, could be dependent on the spider's nutrition. Modified building blocks could be more efficient or serve to generate different functional properties of interest [60] . The observation of one configuration does not provide any information about structure-process-property relationships, while the study of more than one parameter configuration may already indicate a trend. For example Gosline et al. [61] compared data of silk from different species which spin silk with different mechanical behavior to gain insight into structure-property relationships. However, to tailor biopolymers for engineering applications, the investigation of multiple parameter configurations is useful. With more configurations investigated, the existence of parameter optima can be proven. In some cases metastable or local minima may also provide useful information for the fabrication of advanced materials.
Elastin
Elastic proteins exhibit rubber-like elasticity and are capable of undergoing large deformations without rupture. Elastin is an excellent example and one of the most extensively studied elastomeric proteins, as it serves as an efficient energy storage system. Materials with dominant elasticity must meet the following criteria: the individual components must be flexible and conformationally free, so that they can quickly correspond to stress, and they must be cross-linked to distribute the stress throughout the system. Thus, the elastic properties are influenced by the nature of the elastomeric domains, their size and the degree of cross-linking.
Elastin is an important extracellular matrix protein conferring elasticity to tissues and organs [62] [63] [64] . Native elastin isolated from animal tissues has two domains, a repeating hydrophobic domain and an alanine-rich cross-linking region [62] . It is widely accepted that the hydrophobic domain contributes to the elasticity of elastin [65, 66] . Because of its remarkable elasticity [62] [63] [64] and stimuli-responsive properties [67] [68] [69] , recently elastin and elastin-like polypeptides (ELPs) have been actively pursued as biomaterials for various biomedical applications [70] , including protein purification [71] , drug delivery [19, 72, 73] , and tissue engineering [74] [75] [76] .
3.1.1. Primary sequence and structural features of elastin-Elastin is secreted as a soluble precursor, tropoelastin, which is comprised of alternating hydrophobic domains of variable length (elastic repeats) and alanine rich, lysine containing domains that form crosslinks. The hydrophobic domains are comprised of modular repeat domains of tri-, tetra-or pentapeptide repeats of (VPGXG) n , where X can be any residue other than proline [77, 78] , whereas the lysine-alanine regions provide functionality by formation of oxidative crosslinks, fixing the structure [79] . Genetic engineering has made it possible to generate recombinant elastin mimetic protein polymers that undergo reversible, temperature dependent, hydrophobic assembly from aqueous solution in analogy to phase behavior of native elastins. The self-assembly process results in a spontaneous phase separation of protein polymers above the lower critical solution temperature (LCST) that coincides with conformational rearrangement of the local secondary structure within the pentapeptide motifs. Spectroscopic analysis has demonstrated that the pentapeptide sequence units undergo a conformational transition from a random coil to -turns as the temperature approaches the transition temperature [69] . Substitution of the third amino acid residue of the repeat sequence (glycine to alanine) results in a change of the mechanical response of the material from elastic to plastic. Additionally, amino acid substitution of the fourth position modulates the temperature dependent phase behavior of the material [80] . These tunable properties lead to the generation of recombinant elastin-mimetic protein polymers that can serve as promising biomaterials for tissue engineering and biomedical applications. Recombinant elastin-like protein polymers provide significant opportunities to modulate material microstructure and can be processed in various forms including particles, films, gels and fiber networks. As a consequence, biological and mechanical responses of elastinbased polymers are tunable through precise primary sequence and block length.
Elastin-mimicking polymers-
The combined effect of elasticity, durability and stimuli responsiveness (e.g. LCST behavior) of elastin makes it a promising biomimetic target. Numerous ELPs have been synthesized chemically [81] [82] [83] and by recombinant DNA synthesis [72, 76] for mechanistic studies.
The characterization of elastin-like peptides started with (VPG) n , (VPGG) n and (VPGVG) n chemically synthesized to determine conformational properties. Early structural studies proposed -turns adopted by these proteins, with both linear and cyclic polymers [84] . The regular periodicity of -turns within these polypeptides was originally predicted to favor the formation of a putative right-handed helical structure termed a -spiral, modeled with just under three VPGVG motifs per spiral turn [83] . Subsequent analyses determined the presence of -turns within sequences of (GVPGV) 7 and domains containing VPGVG and VAPGVG repeats, and a lack of extended secondary structures. Separately, MD simulations of a (VPGVG) 18 sequence modeled using -spiral dihedral angles predicted the instability of ideal -spiral parameters within this sequence in solution [85, 86] . Varying parameters like ionic strength and surfactants to determine thermodynamic parameters led to a conclusion that conformation was interdependent of intramolecular backbone conformations and aggregate states [69] .
3.1.3. Recombinant elastin-like peptides-Recombinant elastin-like polymers have been fabricated as films, fibers and hydrogels for a variety of applications. The thermoresponsive behavior of recombinant elastin-like peptides was determined by altering lengths of diblock or triblock copolymers to demonstrate a wide range of inverse transition temperatures (temperature below which block copolymers are completely miscible) [19, 21, 68, 87] . Thus, above the lower critical solution temperature T t , the polymer undergoes hydrophobic assembly from a soluble, extended state, to a collapsed, aggregated state. As a consequence, ELPs undergo a reversible temperature-dependent assembly, leading to variety of morphologies. Later, a model was designed to quantify the LCST and stimuli responsiveness of ELPs using a single equation comprised of three parameters, sequence, molecular weight and concentration [68] . Incorporation of different guest residues (in position X of VPGXG) enabled a wide range of T t as a function of chain length and concentration for a fixed composition. Thus, by tailoring chemistry with block length and guest residue, tunable and stimuli responsive ELPs could be designed and engineered to be functional. In addition, to improve control over self-assembly and cross-linking, the sequence composition of block copolymers with altering repeats of hydrophobic blocks with polylysine/cross-linking domains and hydrophilic elastin blocks were engineered [76, 87] . Lysine domains cross-linked with hydroxymethylphosphine even under physiological conditions and hydrogels with different swelling ratios, microstructure and mechanical properties were obtained. In vitro studies indicated that mouse fibroblasts were successfully embedded into the hydrogels and remained viable for at least three days [76] . ELPs were physically impregnated onto expanded polytetrafluoroethylene (ePTFE) as a nonthrombogenic coating, due to the ability of ELPs to limit platelet adhesion [88] .
With the advent of single molecule force spectroscopy (SFM) and atomic force microscopy (AFM), characterization of mechanical strength of ELPs has been feasible. High molecular weight elastin-like peptides that were chemically modified with cysteine residues were subjected to stretch and relaxation modes at the tip of an SFM probe [63] . Below the inversion temperature T t , the peptides showed extension curves with perfect storage of strain energy, following the worm-like chain model of molecular elasticity. But above the LCST, there was an abrupt change in the modulus, indicating that at the single molecule level the hydrophobically collapsed structure has a significant amount of order that unfolds under stress in a similar way as expected from extended -spiral rich random coils.
Collagen
Collagen type I and type III are the predominant constituents of most extracellular matrix material, and as such are ubiquitous and important structural biomaterials. The secondary structure of collagen, including the characteristic triple helix, is closely related to mechanical properties and cellular interactions. Additionally, the precise spatial organization of collagen fibers in vivo is closely related to cellular response as well as tissue tensile strength [35] . However, nearly all in vitro preparations of ECM involve randomly oriented collagen fibrils due to the self-assembly of soluble collagen subunits [89] . This section will discuss current methods used to study collagen in vitro related to control of sequence or composition, processing parameters, and relevant models.
3.2.1.
Synthesizing collagen-Native collagens are often derived from rat tails or human placenta, and type I and III collagens are the most common types of the near 30 chemical variants of collagens reported to date. For in vitro studies, the protein is denatured into an intermediate state, fibrils, that are subsequently reassembled via a variety of techniques. While collagen substrates have been successfully prepared from these native materials, there is often difficulty in recapitulating native collagen structure and alignment, both of which are closely tied to collagen functions in vivo [27, 28, 37] . Non-native collagen for in vitro use can be fabricated either chemically or via recombinant DNA methods.
Chemically derived collagen consists of short synthetic collagen peptides (24-63 amino acids long) that may be linked via terminal cysteines into fibrillar-like structures. However, the short length of these peptides compared to native collagens affects the scope of the nanoscale architecture and the overall mechanical properties [90] [91] [92] . Collagens derived via recombinant DNA methods are small collagen-like polymers fabricated via the tandem ligation of partial collagen regions. It is difficult to prepare recombinant full-length collagen due to the glycine-X-Y sequence repetition that promotes mismatched hybridization. Additionally there are limitations to the location, frequency, identity and combination of biologically relevant sites that can be introduced via this method [91, 93, 94] . Other recombinant proteins are designed to mimic collagen or contain collagen-like domains: a tailored DNA sequence is designed and built and the desired protein is expressed in a host via genetic engineering. The protein sequence can be dictated to control parameters such as mechanics and cellular responses, and then optimized for tailored applications [91, [95] [96] [97] .
Processing collagen-In
addition to the control of collagen composition and sequence, an expanded degree of control can be achieved through different processing techniques and conditions. Collagen can be processed via a variety of techniques ranging from electrospinning to microfluidics (see processing section for additional details). Solution parameters such as pH [33] , concentration, collagen type [27, 37] , and solvent affect the properties of the material fabricated. For example concentration and viscosity will affect the diameter of an electrospun fiber [98] ; concentration, solvent and pH will affect the assembly of the collagen peptides into higher ordered structures, and thus affect mechanical properties as well as cell responses. Physical constraints during processing induce fibril alignment similar to that found in vivo and thus result in a more natural material [35, 98, 99] . On the macroscale, collection methods [27, 33] and crosslinking of fibers [37, 100] can affect bulk material properties, including mechanical properties, anisotropy and porosity.
3.2.3.
Computational modeling of collagen-Given the hierarchical nature of collagen and the close interplay between levels of structural organization, many attempts to computationally model the relationships between sequence, structure and properties have been made. Hierarchical multiscale approaches, from atomistic to coarse-grained models, simulate native collagens and can be used to investigate deformation mechanics. These models explore relationships between the hierarchical organization of collagen and the properties, and allow for the representation of collagen fibrils on much larger and more diverse length scales than previous full atomistic models [101, 102] . Additionally, there are many approaches that model defects in collagen primary sequence that are closely related to known diseases. These models relate single point mutations to structure and mechanics at multiple scales and have the potential to be expanded to a broad class of genetic disorders [103, 104] .
In spite of the large amount of work that has been done to study and understand collagen at all structural levels, there are still significant gaps in the overall interplay of sequence, structure, processing and properties; and especially in connecting molecular to larger scales. To our knowledge, there is no work that models the unique recombinant collagen-like proteins in the same detail that is used for modeling native collagen and collagen mutations. This is an area with great opportunities for biomedical applications.
Silk
Silk proteins can be regarded as high molecular weight amphiphilic block copolymers. The sequence is highly repetitive, where hydrophilic and hydrophobic domains alternate approximately a hundred times. Hydrophobic poly-alanine runs form -sheet nanocrystals that are embedded in a semi-amorphous matrix consisting of glycine-rich repeats. Thesheet content amounts to ~50% for the silkworm (Bombyx mori) cocoon silk and ~36-37% in spider dragline silk (Nephila clavipes and Nephila edulis) [105, 106] . The -sheet nanocrystals are thought to be responsible for strength, whereas the semi-amorphous phase uncoils upon stretching and triggers extensibility.
Different sorts of silk exhibit versatile and exceptional mechanical properties [107] [108] [109] . Silkworm cocoon silk fibers are strong and stiff and commonly used for textiles and wound dressings [60] . Spiders produce different types of silk that differ in properties and function. Spider dragline silk is the most studied spider silk and features a remarkable combination of strength and extensibility that leads to a superior toughness modulus, i.e. it is able to absorb massive kinetic energy before breaking [61, 110] . Viscid silk of spiders, in contrary, behaves rubber-like and exhibits a low initial Young's modulus and high extensibility [61] .
Not only are the mechanical properties versatile, but silk is also not limited to the form of fibers and can be processed into a variety of shapes such as gels, films, particles, and sponges [111, 112] . Applications in medicine, e.g. sutures [113] , tissue scaffolds [114] , and drug delivery systems [115] benefit from silk's biocompatibility, degradability and mutability, i.e. the change of specific properties through external triggers such as pH, temperature or electric fields [116] . Recently, applications in photonics and electronics have been reported [117] .
Silk has been thoroughly investigated in regard to its structure and the spinning process aiming to understand how a material that relies on weak hydrogen bonds and is processed in water at ambient conditions can outperform the mechanical properties of many synthetic materials. In the following, we describe which design variables can be influenced by synthesizing and processing silk to tune the material properties.
3.3.1. Synthesizing silk-Native silkworm silk fibers are available by large-scale cultivation of silkworms at reasonable costs and can be processed into multiple material formats as regenerated silk [111] . To achieve biocompatibility for medical applications the sericin coating needs to be removed of the fibroin core of silkworm silk (see for example [118] for protocols). Spider silk is biocompatible without further preparation, however, the commercial production through spiders itself is not feasible because of their territorial behavior and collecting silk from webs would not be profitable [119] . Therefore alternative synthesis routes are explored, including the expression in plants [120] , in mammalian cells [121] , in bacteria [22, 122] ; and recently the production of composite silkworm silk/spider silk fibers through silkworms [123] .
Instead of reproducing the exact sequence of special silk types, peptides are engineered to represent main features found in silk sequences. Distinct naturally occurring repetitive motifs have been characterized as building blocks of spider silk that each fulfills different functions [111, 119] . Next to the already mentioned polyalanine domain a (GA) n motif found in minor ampullate spidroin leads also to a -sheet crystalline phase. Another motif that is found in many sorts of silks is the GGX motif, where X typically stands for tyrosine, leucine, alanine or glutamine. This motif is less understood and believed to consist mainly of little ordered -sheet structures, 3 1 helices and -turns [106, [124] [125] [126] [127] . Repeats with proline of the form of GPGXX lead to a spiral structure that is considered to evoke elasticity in operating like a spring [128] . In natural silk, nonrepetitive amino- [129, 130] and carboxyterminal domains [131] flank the motifs discussed above. The terminal domains are highly conserved over different species and contain several amino acids that are able to form salt bridges [132] . While the terminal domains are believed not to contribute to the mechanical properties of spider silk, it has been shown that they play an important role in the fiber assembly process [132, 133] . Furthermore, spacers that contain charged side groups can be found [134] that also might relate to storing and fiber assembly. The design of a sequence out of these building blocks could potentially lead to a tailor-made material with specific, desired properties. However, some characteristics are difficult to reproduce. Silk's large molecular weight of ~200-350 kDa [111] results in low yields when expressed by the commonly used bacterium Escherichia coli, so recombinantly produced silk proteins are usually in the size of 30-110 kDa [119] .
3.3.2.
Processing silk-In general, processing has a considerable effect on the silk fiber properties. For instance, under modified processing conditions, silkworm silk fibers can achieve properties comparable to spider silk [108] . Influential process parameters are mechanical stresses during spinning (shear and elongational flow), pH, ion-concentration, solvent type (organic or water based) and protein concentration (see Table 4 ). For example, phosphate ions induce protein aggregation due to the kosmotropic nature of phosphate anions and also shear triggers aggregation and alignment in the fiber assembly [135] . The high molecular weight does not only challenge synthesizing silk proteins; it is also difficult to store them without irreversible aggregation at a concentration of up to 50% (w/v) as found in spiders [136] . Ion-and pH-shifts induce a change in shape in the terminal domains. The "switching" of the terminal domains is believed to be crucial for the storage of the spidroin and may be also for chain alignment in the spinning duct [132, 133, 137] .
Out of the various material forms that are possible via different processing methods the most obvious form is silk fibers. Methods to artificially assemble fibers out of silk proteins are electro-spinning [138, 139] , wet-spinning [31, 140, 141] , and spinning with a microfluidic device [32, 34, 142] . Silk spinning microfluidic devices allow to partly mimic the spinning process in nature via varying the aforementioned parameter such as imposing elongational flow, inducing a pH shift and exchanging ions [32, 34] . Additional process variables are the flow rate and optional fiber drawing at different speeds by attaching the fiber to a spool.
3.3.3.
Modeling of silk-The hierarchical structure of spider silk has been investigated with simulation on several scales, from the repeat unit of a set of dragline silk protein strands in atomistic resolution [9, 127, 143, 144 ] to mesoscale models of fibrils [49, 145] to the whole spider web [146] (Table 4 ). These studies address the relationship between structure and properties and specifically how material phenomena at the molecular scale affect material properties and ultimately the function of the spider web. We refer the reader to a recent article [147] that provides an in-depth review of these studies. Some influential design-variables in the sequence of silk have been identified and explored: the size of thesheet nanocrystals is controlled by the length of a repeating poly-alanine region in the peptide [148] (together with a processing design-variable, the reeling speed [149] , see Table  4 ). Further, the experimentally observed [149] finding that geometric confinement of -sheet nanocrystals to a few nanometers enhances toughness, stiffness and strength of spider dragline silk, could be explained by molecular mechanics studies [143] .
Early studies have used a network model with an assumption of rubber-like amorphous domain to examine the influence of water content and crystal size on the stress-strain curve [145] . Group interaction modeling, which builds on mean field theory, predicted different stress-strain profiles by changing the fraction of order in the silk fiber morphology. An additional confinement effect appears at a higher level of hierarchy. Silk fibers are composed of fibril bundles, where fibrils exhibit diameters in the range of 20-150 nm. A computational mesoscale model demonstrated that a confinement to diameters of 50 ± 30 nm yields in a homogeneous deformation state in the fibril so that the nanoscale properties of a repeat unit can be scaled up to the silk fiber, despite the existence of large flaws [49] .
We note from Table 5 that processing conditions have not yet been taken into account for silk by modeling, despite the fact that experimental investigations show a significant dependence on parameters such as pH, ion concentration and shear forces [34, 150] . For triblock copolymers with a silk-like middle block MD simulations and replica exchange MD simulations showed a solvent depending structure change of the middle part from a -roll in water to antiparallel -sheets in methanol [151] .
From natural biopolymers to tailored materials using experiment and computational modeling
In the preceding sections we discussed methods that allow the investigation of the structureprocess-property relationships at multiple scales of structure and organization, while considering a set of critical input and output variables. In biomaterials these relationships are complex as there are parameters in sequence and processing that address several hierarchical levels. This complexity challenge has mainly been addressed through a serial design process and the input parameters often rely on scientific intuition or trial and error experimentation [5] . To explore more configurations of the variety of chemistry compositions in a systematic way, the integration of polymer synthesis and processing with computational modeling may accelerate the design process to specific functional materials. For the overlap of experimental and computational works, four basic concepts can be distinguished.
Identification of mechanisms
Combining experimental and computational data achieved with similar boundary conditions results in a more complete description of material behavior. As shown in Fig. 2 , the methods for experimental analysis cannot provide data for all length scales and the data is usually only available at spatially and temporally limited discrete points. In computer simulations data can be obtained throughout the system and is limited in resolution only by the model approximation and time step for MD and coarse-grained models. Furthermore, simulations can provide trajectories, which help in identifying the mechanisms of phenomena rather than empirical correlation. This leads to a basic understanding of phenomena seen in experiments. For a minimalistic elastin-like model a joint experimental and computational study (using MD) has been carried out [152, 153] . Conclusions drawn out of structural and thermodynamic experimental measurements could be confirmed by MD simulations, which provide insight in hydrogen bond dynamics and the free energy profile for peptide structural transitions upon temperature changes.
Exchange of information
Computational simulations may support the analysis of experimental work as seen in the following example. In a mostly experimental study on collagen spinning in microchannels [154] a finite element method is used to describe diffusive phenomena, flow profile and pH gradient in a microchannel, which was a challenge to measure experimentally. Similarly, experimental data can provide appropriate starting conditions to massively shorten simulation runtime. The structure prediction for the atomistic model of spider dragline silk, for instance, was started using an approximated elongated configuration deduced from insight of experimental work [9] .
Design of experiments and prediction of phenomena
Complex models can be used to determine the feasibility of an experiment to avoid losing time and valuable resources. A model that has been validated for one set of parameters can be adjusted or extended to facilitate educated decisions in experimental design. For example, mesoscale models predict tendencies, which are then checked more thoroughly by empirical investigations. Such models, if appropriately validated, may become more and more helpful in materials design.
Optimization by computational modeling
Applying experimentally obtained boundary conditions in the computational work allows the comparison to experimental data to validate the computer models. Once a model is validated, a set of optimized parameters can be found by simulations and finally the determined parameters are returned into a feed-back loop to the experimentalist.
Conclusion and outlook
We discussed various methods for the synthesis and processing of biopolymers. Synthetic polymers do not exhibit hierarchical structural organization as permeated throughout biopolymers (synthetic polymers form spheres, cylinders, etc., in contrast to the -helices, -sheets for proteins). Thus, it is essential to design and bridge the gap in structurearchitecture-function relationships in protein-based block copolymers. A further step in the development of functional materials is the implementation and controlling of mutability, that means to change specific properties in the place and situation of interest through external triggers such as pH, temperature or electric fields [116] . Leisk et al., for example, showed an electrically mediated, reversible gel forming process of silk with potential application as a temporary glue [155] . While most synthetic or biopolymer materials allow some degree of control over composition and structure, the full potential to maximize their properties is often not exploited [8] . Silk is an example of a biopolymer where the three tiers of control (sequence, structure, process) have been well studied, but a full combination of approaches has not been realized yet. Successive studies with the integration of computational and experimental work, combined with feedback loops, may trigger an optimized material design.
For a system's structure-function description, mathematical methods such as category theoretic data analysis may serve as a tool to store, share and relate the data and insights gained during research [156] . Recently, first analyses have described and related the structural hierarchical buildup of protein materials, social networks, and music [157, 158] . Thereby, the elucidation of natural materials design principles can shape the synthesis of engineered materials. This is of interest because most biological materials are produced in moderate conditions, i.e. in aqueous solution at ambient temperature, without high energy input or extreme pH. Additionally, the starting material is often abundantly available and the product mostly degradable. Therefore, a translation of natural processes to materials engineering would yield highly sustainable and functional materials. An improved understanding of how biomaterials are structured and how they assemble with respect to environmental conditions might help in developing mechanistic models of, and eventual treatments for diseases such as Alzheimer's [159] , rheumatoid arthritis, brittle bone disease, or Ehlers-Danlos syndrome [91] . These diseases include material factors as a critical element in disease etiology and treatment, where defects such as mutations, or a change in processing conditions, lead to a loss of critical functional properties.
While polymer chemistry is considered a mature disciplinary field, there remains a gap in mimicking and extending the material performance of natural systems, with respect to structure-process-property relationships. Some examples of good integration of modeling, synthesis, and processing for biopolymers are available. In other fields, such as aerospace engineering, car design, or drug discovery, the combination of computational and experimental work is well established. We believe that this integrated approach may also boost advancements in the design of biopolymers and in polymers and composites in general. Experimental and computational methods to study the structure and properties of hierarchical biopolymers according to the length scale they address. Note how the different approaches work on distinct scales. In the bottom-up design of biopolymers all hierarchical levels must be considered. Therefore, only an integration of these approaches will allow full control of biopolymer design. Modeling could fill in the gaps in understanding processes that cannot be analyzed experimentally. The four main fields of study of biopolymer design: sequence, structure, process condition and properties. The examples show silk as a versatile biopolymer. The arrows show the relationships between the fields of study. Examples for studies on these relationships are shown in Table 4 . Courtesy for images is as follows: Silk representation is adapted from Ref. [143] . Stress-strain plot is reprinted with permission from Ref. [168] , copyright © 2011 American Chemical Society. Microfluidic device is reprinted with permission from Ref. [32] , copyright © 2011 American Chemical Society. Table 1 Overview of methods of chemical-biological hybrid polymer synthesis indicated along with outcomes. Input-variables and the affected outputs-variables of biomaterial design studies on collagen, elastin, silk and silk-elastin. The references are ordered according to the relationships they address (compare to Table 5 and Fig. 3 ). For detailed information about these relationships please refer to the cited references.
Sequence/composition Processing Structure Property Ref.
Collagen

Recombinant collagen mimic
Molecules retained triple helical assembly [91, 96] Length of tropocollagen molecule Deformation mechanics [101] Altered channel width Alignment of fibrils [35] Langmuir blodgett conditions Alignment of fibrils [99] Concentration; shear rate Alignment of fibrils [98] Point mutation (OI) Mechanical properties [161] Concentration; voltage Fiber diameter, spinnability [27, 28] Simultaneous fibril formation and crosslinking
Mechanics and morphology of fibers [100] pH gradient; viscosity Assembly Fiber diameter [33] Recombinant collagen mimic Monitored assembly via AFM Measured modulus [95] Mutation -Alport syndrome
Tropocollagen structure Mechanical properties [103] Recombinant elastin-like polymers Different chain length Concentration Shift in inverse transition temperature [20, 68] Elastin triblock copolymers Hydrogels Viscoelastic and mechanical responses [19, 21] Elastin diblock/triblock copolymers Physical and chemical crosslinking to hydrogels Rheology for gelation kinetics, swelling, microstructures, mechanical strength, biocompatibility studies [76, 87] Temperature; ionic salts; solvent; guest residue Force-extension of single molecule to study hydrophobic hydrations [185] Exons of recombinant elastin -Helix [186] Single molecule Force extension curve [63] Particles; temperature Inverse transition temperature kinetics, condensation of polyplexes [187, 188] Temperature; pull-out Mechanism of hydrophobic collapse in the presence of water leading to inverse transition temperature and elasticity [85, 86] Coating on PTFE grafts -Spiral structure [88] Temperature; pressure Reversible conformation from random coil to -turns/strands [152, 153] Heavy metal binding domains Hydrogels Inverse transition temperature, binding studies with heavy metals [18, 189] Cartilage oligomeric matrix Temperature Secondary structure - [190] Biomaterials. Author manuscript; available in PMC 2013 November 01. [72, [191] [192] [193] Temperature; ionic strength; concentration; hydrogels Swelling, rheology, gelation DNA release study [23, 24] Ratio of silk to elastin Temperature; pH; ionic strength Irreversible conformational change from random coil to -sheets Shift in inverse transition temperature; self assembly mechanism [58, 194] Films Conformational change from silk I to silk II structure and formation of -strands on methanol treatment Swelling, mechanical strength, biocompatibility [195] Fibers Mechanical strength [196] Silk-like polymers
Poly-alanine region length -Sheet content [148] Ion concentration Secondary structure (conformation transition from random coil and/or helical structure to -sheet) [197] [198] [199] [200] Fibroin concentration; pH; temperature; Ultrasonic treatment; shear forces Secondary structure [200] Geometric confinement Strength and toughness [49] -Sheet crystal size Strength and toughness [143, 168] Deformation behavior Robustness of spider web [146] Reeling speed -Sheet crystal size; degree of orientation Strength and toughness [149] Ion concentration; fibroin concentration; pH; temperature; poly (ethylene oxide) content Secondary structure Gelation time; mechanical compressive properties [150] Protein concentration; chemical crosslinking; temperature Secondary structure Rheological properties [201] Biomaterials. Author manuscript; available in PMC 2013 November 01.
Table 5
A categorization of studies on silk, collagen, elastin and silk-elastin, considering the approach taken and the field of biopolymer design they address. The chosen studies deal with the interaction and influence of designvariables on structure and properties (outcome-parameter). Studies solely focused on structure analysis are omitted. For a full description of the biopolymer design all fields should be incorporated (four checkmarks). Table 4 shows the investigated design-variables and outcome-parameters of the here listed references.
Sequence Processing Structure Property Ref.
